Highly pathogenic Avian influenza (HPAI) is a notifiable viral disease caused by avian influenza type A viruses of the Orthomyxoviridae family. Type A influenza genome consists of eight segments of negative-sense RNA. RNA segment 2 encodes three proteins, PB1, PB1-F2, and N40, which are translated from the same mRNA by ribosomal leaky scanning and reinitiation. Since these proteins are critical for viral replication and pathogenesis, targeting their expression can be one of the approaches to control and resist HPAI. MicroRNAs are short noncoding RNAs that regulate a variety of biological processes such as cell growth, tissue differentiation, apoptosis, and viral infection. In this study, a set of 300 miRNAs expressed in chicken lungs were screened against the HPAI virus (H5N1) segment 2 with different screening parameter like thermodynamic stability of heteroduplex, seed sequence complementarity, conserved target sequence, and target-site accessibility for identifying miRNAs that can potentially target the transcript of segment 2 of H5N1. Chicken miRNAs gga-mir-133c, gga-mir-1710, and gga-mir-146c* are predicted to target the expression of PB1, PB1-F2, and N40 proteins. This indicates that chicken has genetic potential to resist/tolerate H5N1 infection and these can be suitably exploited in designing strategies for control of avian influenza in chicken.
Introduction
Highly pathogenic avian influenza (HPAI) is a notifiable viral disease caused by avian influenza type A viruses of the Orthomyxoviridae family. It affects poultry in which mortality may reach up to 100%. 1, 2 This causes significant economic losses to the poultry industry and raises a great public health threat due to potential host jump from animals to humans. 3 Despite stringent control measures in the form of mass culling of poultry in and around the site of outbreak, re-emergence of avian influenza in poultry is frequently observed. Vaccination is unable to provide sufficient protection against HPAI virus (H5N1) of subsequent outbreaks, due to the characteristic genetic shift and drift seen in this virus. 3 In view of the fact that poultry lines are developed by several generations of selection and planned breeding to meet the production requirements, protecting such valuable line against avian influenza is the need of the hour. Several anti-influenza drugs are used in case of humans; however, therapy is not recommended in poultry due to threat to effectiveness of the same antivirals as therapeutics for human influenza. 4 Development of influenza-resistant chicken lines is advocated as a possible measure to control avian influenza in poultry. Although transgenesis is reported in poultry, the expression of transgene may not be consistent over generations. Moreover, since chicken is a popular protein source to the human population, genetic modification of chicken would raise several issues pertaining to genetically modified foods, etc. It appears judicious to first screen the chicken genome for possible endogenous products that can confer protection or resistance to H5N1 infection so that further strategies can be developed to exploit them without introduction of exogenous genes. MicroRNAs (miRNA), that are short, endogenous, noncoding RNAs, regulate a variety of biological processes such as cell growth, tissue differentiation, apoptosis, and viral infection by sequence-specific targeting of mRNAs. 5, 6 They act at sequence level to regulate gene expression, either by degrading mRNA of target protein or by causing translational repression of target protein by inhibiting mRNA of target protein, thus act as master switches in many biological pathways. [7] [8] [9] Recently, miR-181 has been identified as a positive regulator of immune response, and miR-181 mimics have been shown to strongly hinder porcine reproductive and respiratory syndrome virus replication in vitro by specifically binding to a highly (over 96%) conserved region in the downstream of open reading frame (ORF) 4 of the viral genomic RNA. 10 miR-181b is reported to inhibit the replication of mink enteritis virus (MEV) in the feline kidney (F18) cell line by targeting the MEV non-structural protein 1 (NS1) mRNA in the coding region. 11 The H5N1 genome contains eight segments of negative-sense RNA (13.5 kb) of which the segment 2 encodes three proteins, PB1, PB1-F2, and N40, which are translated from the same mRNA by ribosomal leaky scanning and reinitiation. 12 The sequence-specific targeting of this segment can result in the downregulation of three viral proteins and affect the viral replication in host cells. Strategies such as use of candidate miRNAs or the use of the mimics of these miRNAs can be used for providing protection to chicken against avian influenza. The lungs are a major site of replication of H5N1 in chicken. 13 In this study, we screened a set of 300 miRNAs expressed in lungs of chicken, with an intent to identify endogenously expressed chicken miRNAs that can potentially target the segment 2 of H5N1.
Identification of Chicken Pulmonary miRNAs

Materials and Methods
selection of target sequence. The sequence of segment 2 of influenza A virus H5N1 (A/chicken/India/ CA0301/2011(H5N1)) having accession number CY092122 was selected as the target sequence for the study, because this was a complete sequence of segment 2 of H5N1 and had the codon sequence for PB1, PB1-F2, and N40. The whole sequence was retrieved from the NCBI database.
selection of mirNAs for targeting segment 2 of influenza A virus. A set of 300 miRNA that were identified to be expressed in chicken lungs, by high throughput sequencing (unpublished), were included in the study and screened for presence of target site in the transcript of segment 2 of H5N1.
Filtering of mirNAs for target identification. Four successive filters were used to identify chicken miRNAs with potential binding site in segment 2 of H5N1 virus (Fig. 1) . The miRNAs were first filtered for the thermodynamic stability of heteroduplex between miRNA and mRNA target site, based on minimum folding energy (MFE). The second criterion used was satisfaction of at least one type of seed sequence complementarity. This was followed by screening for conservation of miRNA target sites across 64 randomly selected H5N1 isolates between 1970 and 2012. Finally, the accessibility of the target sites on the predicted secondary structure of the viral mRNA was also taken into consideration.
Identification of mirNAs targets in segment 2 of influenza A virus. In the first step of filtering, RNA22 miRNA target detection algorithm 9 (http://cbcsrv.watson.ibm.com/ rna22.html) was used for identification of site in target mRNA. Keeping the maximum number of allowed UN-paired bases set to zero in a seed sequence of 6 bases and the minimum number of paired bases in heteroduplex as 14, each individual miRNA was screened for the presence of target sites in the segment 2 of H5N1. Based on the thermodynamics of the miRNA and targetsite heteroduplex, all miRNAs with one or more target site in segment 2 of H5N1 with MFE of hybridization , −20 kcal/mol were selected for further screening.
target sites with seed sequence complementary. miRNA-mediated post-transcriptional regulation of gene expression is a sequence-specific process. The complementarity of the miRNA seed sequence and the target site are critical for effective targeting. Hence, the target sites of the miRNAs were further filtered for the type of seed sequence complementarity as described by Bartel (2009). Only those that showed at least one of the types of complementarity necessary for effectiveness of miRNA 14 were selected for further analysis. conservation of target sequence. Avian influenza virus H5N1 is known to undergo antigenic drift and shift due to changes in its gene sequences. In order to be targeted by a chicken miRNA, it is necessary that the target site should lie in the conserved regions of H5N1 genome. A total of 63 complete sequences of segments 2 of H5N1 isolated in 24 different Asian, European, American, and African nations from 1959 to 2012 were included. They were selected so as to include H5N1 isolated from different avian species including chicken, turkey, goose, bean goose, muscovy duck, mallard duck, wild duck pigeon, crow, swan, black-nested grebe, whooper swan, quail, and magpie. The sequences were downloaded and aligned using MEGA5 software. Only those miRNAs whose target sites were conserved across at least 95% of the isolates were selected for further analysis.
target-site accessibility by rNA folding structure. As a measure to further strengthen the target-site prediction procedure, accessibility of the target site was the next criteria. Accessibility of the target sites was evaluated based on the secondary structure of the target mRNA. The "mfold Web Server" (http://mfold.rna.albany.edu.) was used for RNA folding form with default parameters. Two types of folds, namely the global fold, which was the secondary structure of the complete coding sequence, and the regional fold, which was the secondary structure obtained by folding about 220 bases with 100 bases on either sides of the target site sequence, were included in the study. The presence of at least three unpaired nucleotides in the sequence complimentary to the seed sequence was taken as the filter criteria.
ranking of predicted mirNA target. The accessibility energy of the identified miRNA targets was used for ranking the miRNAs identified to target the segment 2 of H5N1. The MFE of regional folding with constraint of unpairing at the target site (∆G unpaired ) compared with that of the native fold (∆G free ) to assess the free energy of unfolding (∆G open ). The accessibility energy of the miRNA target sites were calculated as: accessibility energy (∆∆G) = ∆G duplex − ∆G open, where, ∆G open = ∆G free − ∆G unpaired. The miRNA with the lower accessibility energy was ranked best.
results
Identification of mirNAs targets in segment 2 of influenza A virus. On screening, the 300 miRNAs expressed in the chicken lungs, for target sites in the segment 2 of H5N1 virus, 146 miRNAs showed 253 targets (Supplementary Table 1 ) in the transcript of segment 2 with MFE of heteroduplex less than −20 kcal/mol. While 84 miRNAs had single target sites, some of the miRNAs had more than one target site and even up to six target sites (Fig. 2) . The target sites were identified all along the length of the segment transcript including the 5′-UTR, 3′-UTR, and the Coding sequence (CDS) of the genes coded by the segment.
seed sequence complementarity and conservation of target sites. Complementarity between the target site and the seed sequences of the miRNAs have been identified as an important factor for the effectiveness of miRNA-mediated knocking down. On screening, the target-miRNA hybrid predicted by RNA22 was reported for complementarity types.
14 Twenty-four miRNAs-mRNA hybrids were found to have target sites with seed sequence complementarity necessary for effective miRNA targeting (Table 1 , Supplementary data file). Of these, 11 were found to be conserved across more than 95% of the sequence of segment 2 of the 63 different isolates of H5N1 included for the analysis (Fig. 3 , Table 2 ). The miRNA gga-miR-1593 had two target sites that satisfied the criteria of seed sequence complementarity but only one of them was sufficiently conserved.
target site accessibility. The miRNAs gga-miR-133c, gga-miR-137, gga-miR-146c*, gga-miR-1593, and gga-miR-1710 had accessible targets on transcript-based global folding structures (Fig. 4) , while gga-miR-133c, gga-miR-1553, gga-miR-1593, gga-miR-1671, and gga-miR-1710 show accessibility to target site based on the regional folding (Fig. 5) . Those miRNAs that show accessibility to the target site by both folding methods may be assumed to have higher probability of being effective in down regulation of the target proteins as the secondary structure of RNA is a dynamic one in a live cell.
ranking of mirNAs by accessibility energy. The accessibility energy is an indicator of the thermodynamic feasibility of the process of miRNA-mRNA hybridization while the former is in its secondary structure. Hence, this is a suitable parameter to rank the effectiveness of the predicted miRNAs (Fig. 5) . The basis here is the difference between the MFE of native folding and the MFE of folding, such that the base pairing at the seed sequence complementary site is inhibited (Figs. 6 and 7) . On ranking the miRNAs based on the accessibility energy, gga-mir-133c was found to be the best followed by gga-mir-1710 and gga-mir-146c* (Fig. 8 ). Of these, the first two also show accessibility to target site both on global folding and regional folding. Those miRNA that show accessibility to the target site by both folding methods may be assumed to have higher probability of being effective in down regulation of the target proteins as the secondary structure of RNA is a dynamic one in a live cell. 
discussions
The segment 2 of HPAI (H5N1) encodes proteins PB1, PB1-F2, and N40, which contribute significantly to host and virus interaction. PB1, the core component of the viral polymerase, has been linked to inter-strain differences in pathogenicity and host range. 15, 16 PB1-F2 is an alternative translation product of the viral PB1 segment which is a pro-apoptotic mitochondrial viral pathogenicity factor. 17 Expression of full-length PB1-F2 increases the pathogenesis of the influenza A virus, causing slower viral clearance and increased viral titers in the lungs. 18 It is assumed to be an important contributor to pathogenicity of pandemic influenza viruses. 19 N40 represents an N-terminally deleted form of PB1 and lacks transcriptase function but interacts with PB2 and the polymerase complex in the cellular environment. 20 The deletion of N40 is reported to result in the attenuation of the virus possibly due to the simultaneous change in the PB1 sequence. 12 All this makes the segment 2 of H5N1 suitable for sequence-specific targeting studies. The first criteria for target identification as free energy below −20 kcal/mol for miRNA-target hybridization were based on reports of similar target prediction studies with reference to influenza virus. Some researchers have used a cutoff free energy of −17 kcal/mol for predicting miRNA targets in PB1 gene of H1 N1 21 and some have used a threshold free energy of −15 kcal/mol while predicting the binding site of miRNA to NS1 gene of H1 N1 and H5N1. 33 The complete length of segment 2 was screened for target sites of the miRNAs as three different proteins were expressed from the same segment and the same target site may have a different impact on the different proteins. Although most investigation into metazoan miRNA function has been for sites in 3′-UTRs, experiments using artificial sites show that targeting can occur in 5′-UTRs and open ORFs. 22, 23 The mRNA and protein expression of genes containing target sites both in coding regions and 3′-UTRs are reported to be mildly but significantly more regulated than those containing target sites in 3′-UTRs only. 24 Seed sequence complementarity is critical for effective miRNA targeting. Although perfect complementarity is not necessary for effective silencing of expression in animal, specific pattern of seed sequence complementarity have been reported to be effective on the basis of experimentation and prediction. 12 Hence, the target sites predicted by the RNA22 were analyzed to classify them as per seed sequence complementarities. AIV is known to show genetic drift before an miRNA can be identified to target its gene, it was important that it should be conserved. Also change in the sequence at the target site would alter the thermodynamics of hybridization as well as seed sequence complementarity thus affecting the effectiveness. It is conventional to screen for conservation of the target site in majority of targetprediction databases like TargetScan, miRanda, etc. This filter was also necessary as the purpose of the study was to identify genetic components of chicken genome that can target the viral gene expression, and unless the target site is conserved, there would not be consistence in results.
The targets identified by our approach were not predicted by the ViTa database, which predicts targets of host miRNAs in viral genes. 25 This might be due to the fact that the target identification tools in its pipeline is miRanda 26 and TargetScan,   27 while we have used RNA22 here. Although miRranda is an efficient tool, it underestimates miRNAs with single but perfect base pairing as against those with multiple target sites. On the other hand, TargetScan identifies only those sites that are conserved across several species. Conservation across several species was not an important factor here, as the rationale of this study was data mining of chicken miRNAs only for the presence of genetic factors in chicken, if any, which can potentially affect the expression of critical H5N1 genes. Accessibility is an important factor for targeted downregulation by miRNA. Long et al (2007) suggested that the presence of at least four consecutive nucleotides complementary to any part of miRNA in unpaired state in secondary structure of target RNA is required for initiation of the binding process between the target and the miRNA. 28 Robin et al (2005) proposed screening based on the presence of only three consecutive nucleotides complementary to the seed sequence as unpaired. 29 Here, the presence of only three consecutive unpaired nucleotides complementarity to the seed sequence was used as filter criteria to improve precision of the target prediction, because this gives due importance to the seed sequence complementarity while screening for the unpaired stretches in the secondary structure of target sequence. The folding algorithm cannot warranty the reliable structures of long sequences. 30 The protein involved in the recognition of RNA strand are expected to hinder the formation of longrange interactions, thus making target accessibility a matter of local secondary structure. 31 However, the predicted local folding may also not represent the exact secondary structure of an RNA molecule. Hence, for the study, global as well as regional folding of the mRNA was considered.
conclusion
The chicken genome has miRNAs that can potentially target the expression of the genes expressed from the segment 2 of H5N1 virus. The position of target of gga-miR-133c on segment 2 transcript is 1792-1813. Hence, it can target the PB1 and N40 protein by binding in their coding region and PB1-F2 by binding at 3′-UTR. The gga-miR-146c* targets position 126-147 and hence can inhibit PB1 and PB1-F2 at the coding regions and N40 at the 5′-UTR. This indicates that these host miRNAs have potential for regulating the expression of multiple viral proteins namely, PB1, PB1-F2, and N40. Since these miRNA are being expressed in the chicken lungs, they may be useful for inhibition of H5N1 replication or the development of resistance against H5N1 infection in chicken. However, the miRNAs identified to target genes of segment 2 are targeting the different proteins at different location with reference to their ORF; hence, they might have variable extent of impact on the regulation of these gene expressions. Those miRNAs that show accessibility to the target site by both folding methods may be assumed to have higher probability of being effective in down regulation of the target proteins as the secondary structure of RNA is a dynamic one in a live cell.
Owing to the fact that miRNAs are pleiotropic in their effect, these shortlisted miRNAs may have other off-target effects as well. Several databases like the miRDB 32 or TargetScan. 27 provide list of target genes for each of these miRNAs in chicken, but they bioinformatically predicted based on orthology and other parameters. Here, the effective impact of the miRNAs on these predicted host gene targets cannot be compared with their inhibitory impact on segment 2 genes of H5N1 as the pipeline for prediction are different. Hence, the biological usefulness and effectiveness of these miRNAs for the inhibition of H5N1 replication in chicken needs to be evaluated further by biological experimentations such as in vitro virus challenge and luciferase reporter assays, etc. However, the bioinformatics approach of this study has aided in narrowing down on three miRNAs for targeting the segment 2 of H5N1, from the given 300 miRNAs expressed in chicken lungs. This approach of in silico screening and short listing, before taking up biological experimentation, would save enormous resources that go into the conducting of wet laboratory experiments especially in the case of H5N1, which is a BSL3 agent. 
